Production of heat-stable enterotoxin b (STb) by porcine Escherichia coli strains belonging to serogroup 0115 was evaluated in ligated intestinal segments of adult rats. The conditions for optimal production and detection of STb were studied by using the STb-producing strain 4247. As STb production was similar in complex Trypticase soy broth and minimal Davis medium, the latter was used for the fermentation of strain 4247 and the production of STb in large quantities. STb was then purified to apparent homogeneity by sequential ultrafiltration, ultracentrifugation, and preparative gel electrophoresis. The enterotoxin was purified more than 500-fold and exhibited a molecular weight of approximately 5,000 as determined by ureasodium dodecyl sulfate gel electrophoresis. Purified STb retained such chemical characteristics as resistance to heating (60°C/30 min) and sensitivity to trypsin. A rabbit polyclonal antiserum was produced against the purified toxin. Numerous booster doses were required to obtain a significant enzyme-linked immunosorbent assay titer, suggesting that STb is a poor immunogen. Nevertheless, the antiserum was used successfully to discriminate between culture supernatants of STb-positive and STb-negative 0115 E. coli strains, thus demonstrating the immunogenicity of purified STb.
Enterotoxigenic Escherichia coli (ETEC) strains produce two types of enterotoxin, a heat-labile toxin and a group of heat-stable toxins (8) . Heat-stable toxins from porcine ETEC have been differentiated into two entities, STa and STh, on the basis of methanol solubility and biological activity (4, 20) . STa (or STI) is methanol soluble and induces intestinal secretion in infant mice and neonatal pigs. STb (or ST II) is methanol insoluble and induces intestinal secretion in weaned and neonatal pigs but does not affect infant mice (25) .
Although STa has been well characterized (8, 14) , STb has not been purified. However, the gene for STb has been cloned (15, 19) and the amino acid sequence has been deduced from the nucleotide sequence as a 71-amino-acid peptide, including a signal sequence of 23 amino acids. STa and STb are encoded by different genetic sequences, and the amino acid sequence of STa differs from that deduced for STh (8) .
Recently, Whipp (26) demonstrated that the host response specificity of STb could be attributed to its susceptibility to trypsin and the presence of trypsin-like activity in the intestinal lumen. The active site of trypsin cleavage involves lysine and arginine residues (3), which have been found in the amino acid sequence of STb, as deduced from the nucleotide sequence, but not in STa. Soybean trypsin inhibitor (TI) protected STh from proteolysis and resulted in positive responses to STb in intestinal segments of mice, rats, and calves, thus demonstrating that the activity of STb is not species specific (27) . Neither the mode of action of STh nor the importance of STb in the pathogenesis of porcine diarrhea is well understood. The toxin is found in the bacterial periplasm as an 8.1-kDa precursor, which is converted to a 5.2-kDa form and secreted in its mature active form of the same molecular mass (11) . The latter stimulates cyclic nucleotide-independent fluid secretion with a short * Corresponding author.
onset of action in vivo (10) , but the effect of this toxin on gastrointestinal physiology has not been further characterized. However, the prevalence of STb in strains of porcine origin is high (5, 22, 28) . Moon et al. (17) found that the STb gene was present in about 75% of 874 porcine isolates, and 33% of the ETEC isolates from older swine with enteric colibacillosis were of the STb genotype only. In addition, Monckton and Hasse (16) Anaquest) in an induction chamber, and maintained under anesthesia with 1% isofluorane in oxygen in a semiopen system with an Ayers' T-piece and a face mask adapted for rats. Following a midline abdominal incision, the small intestine was located and its contents were removed to the cecum by gentle massage. A volume of 8 ml of 0.85% saline containing 300 ,ug of TI (Boehringer GmbH, Mannheim, Federal Republic of Germany) per ml was then injected into the small intestine and removed to the cecum by gentle massage after 5 min.
A series of eight ligated segments (loops), each 5 cm long, were made in the small intestine, starting approximately 5 cm from the ileum-cecum junction. The anterior 30% of the small intestine was not used. Loops were inoculated with 0.5 ml of test material containing 300 ,ug of TI per ml. All samples were dialyzed against 20 mM Tris hydrochloride (pH 6.8) and sterilized by passage through a 0.22-,um-poresize membrane (Acrodisc 13; Gelman). Each sample was tested in at least two rats in loops at different positions in the small intestine. A negative control consisting of 20 mM Tris hydrochloride (pH 6.8) was included in each animal.
The abdominal incision was closed, and the rat was allowed to regain consciousness. Four hours later, the rats were sacrificed and the volume of liquid in each loop was measured. Results were expressed as volume of liquid (milliliter) per length (centimeter) x diameter (centimeter) of intestine and were considered positive if greater than 0.05. The results were also expressed as arbitrary units per milliliter, where the reciprocal of the dilution of the test material giving a ratio of 0.1 was multiplied by two to express the activity per milliliter.
Production and purification of STb. Strains were grown in DMM containing 0.1% glucose at 37°C with agitation (200 rpm) and forced aeration (5 liters/min) for 24 h in a 10-liter fermentor (model A; New Brunswick). The pH of the medium was not adjusted during this period. The bacterial culture was centrifuged at 12,000 x g at 40C for 20 min to remove the cells. The supernatant was filtered on a 0.22-,umpore-size membrane (Millipore). The filtrate was concentrated about five times with a Pellicon apparatus (Millipore) by using a membrane with a cutoff of 1,000 Da and then further concentrated by lyophilization and reconstituted in sterile distilled water to about 1/10 of the initial volume. This preparation was ultracentrifuged at 100,000 x g at 4°C for 60 min in order to precipitate insoluble material. The supematant was then dialyzed against 20 mM Tris hydrochloride (pH 6.8) with a 1,000-Da-cutoff dialysis membrane (Spectrapor 2; Spectrum Medical Ind., Los Angeles, Calif.).
This material was mixed with the same volume of solubilization buffer containing 8 M urea and boiled for 10 min. Urea-dodecyl sulfate (SUDS) gel electrophoresis was carried out by the method of Swank and Munkres (23) at 20 mA for 20 h in a vertical slab gel cell (Bio-Rad, Richmond, Calif.) (gel dimensions, 17.7 by 14.0 by 0.3 cm). After migration, a small part of the gel containing the sample and molecular weight markers (CNBr digest of sperm whale myoglobin; Pharmacia) was cut longitudinally and silver stained (18) , except that a 1% silver nitrate solution was used. The remaining part of the gel was kept at 4°C. After localization of the bands, a 0.5-cm-wide strip of acrylamide gel containing the unstained appropriate protein band was cut from the gel sheet transversely and frozen at -20°C. The next day, the excised protein band was minced and forced through a 5-ml syringe (opening, 0.1 cm). The protein was eluted from the gel by diffusion in 5.0 ml of sterile distilled water at 4°C for 3 h with periodic stirring. The supernatant was removed, 5 ml of fresh distilled water was added to the minced gel, and the process was repeated. The supematants were pooled, and the acrylamide particles were removed by centrifugation and filtration on a 0.22-pum-pore-size membrane. The filtrate was dialyzed against 20 mM Tris hydrochloride (pH 6.8) by using a 1,000-Da-cutoff membrane and concentrated by lyophilization. In addition, all other areas of the gel were cut as 0.5-cm strips and treated in the same manner. All samples were tested in rat intestinal segments.
Gel chromatography. Ultrafiltrated and ultracentrifuged samples were dialyzed against 20 mM Tris hydrochloride (pH 8.0) by using a 1,000-Da-cutoff dialysis membrane and applied to a DEAE-Bio-Gel A (Bio-Rad) column (2.6 by 10 cm) equilibrated with the same buffer. The column was first eluted (five column volumes) with the starting buffer at a flow rate of 20 ml/h. The column was then eluted with the same buffer to which 0.5 M NaCl had been added. In each case, fractions of 2 ml were collected and monitored at 280 nm.
Culture supernatants were also examined by molecular sieving with the fast protein liquid chromatography (FPLC) system by using a Superose 12 column (Pharmacia). The system was run at a flow rate of 0.5 ml/min in 0.05 M phosphate buffer (pH 7.2) to which 0.1 M NaCl was added. The effluent was monitored at A280. The fractions representing each of the peaks were collected as such. The different fractions were tested for biological activity in the rat loop assay with appropriate controls.
Analytical electrophoresis. SUDS gel electrophoresis was carried out by the method of Swank and Munkres (23) . Samples were electrophoresed at 20 mA for 2.5 h by using a minigel apparatus (Bio-Rad) or at 10 mA for 205 V/h by using the PhastSystem and high-density PhastGels (Pharmacia). The gels were fixed with 2% glutaraldehyde (21) and silver stained.
Protein determination. The protein concentrations of the various fractions were determined by the method of Bradford (1), with lysozyme as the standard.
Antibody production. Polyclonal antiserum was raised in an adult New Zealand White rabbit. The animal was inoculated with approximately 50 ,ug of STh purified by SUDS gel electrophoresis and emulsified with Freund complete adjuvant. Inoculations were repeated eight times at 2-week intervals by using Freund incomplete adjuvant. Serum was collected 20 weeks after the initial immunization. Control nonimmune serum was obtained before the first injection.
Neutralization experiment. Undiluted culture supernatant or purified STh resuspended in 0.05 M Tris hydrochloride (pH 6.8) was twofold serially diluted with rabbit antiserum raised against STh. The preparation was then incubated 1 h at 37°C and tested in the rat intestinal segments as described above.
Enzyme-linked immunosorbent assay (ELISA). Crude culture supematant (50 p.l) diluted 1:2 in 0.1 M sodium carbonate (pH 9.6) was coated onto the wells of polystyrene microtiter plates (Flow Laboratories, Inc., McLean, Va.) overnight. Plates were washed three times with PBS-Tween 20 (0.05%), rabbit anti-STh antibodies diluted 1:5 in PBSTween (50 p.l) were added to each well, and the plates were incubated at 37°C for 1 h. Plates were washed three times with PBS-Tween 20, appropriate dilutions of goat anti-rabbit immunoglobulin G (Daymar Laboratories Inc., Toronto, Canada) in PBS-Tween 20 coupled to horseradish peroxidase (50 ,ul) were added to each well, and plates were incubated at 37°C for 1 h. Plates were washed, and the chromogenic substrate ABTS [2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)] (0.4 mM; Sigma) dissolved in citrate buffer (pH 4.0) with 0.5 mM H202 was added. The optical density was measured with a titertek Multiskan MC (Flow) at 420 nm after incubation for 30 min at room temperature.
Western blotting. For electroblotting, separated proteins were transferred from the high-density PhastGel to nitrocellulose paper by using the methanol-Tris-glycine system described by Towbin et al. (24) . Electroblotting was performed in a PhastTransfer apparatus. Western blotting (immunoblotting) was done as described previously (6) , except that the blocking agent was a 2% (wt/vol) casein solution.
Chemical treatments. Culture supernatant or purified toxin was treated with 8 M urea or 50% formic acid (pH < 2) for 4 h at 4°C, dialyzed by using a 1,000-Da-cutoff membrane, and concentrated to the initial volume. Trypsin (Grade A; Calbiochem, San Diego, Calif.) was added to the culture supernatant or purified toxin preparation at 100 ,ug/ml and incubated for 1 h at 25°C. The treated sample was then tested in rat intestinal segments as described above.
RESULTS
Production of STb and determination of its biological activity by using the rat model. Preliminary experiments were done to identify a wild-type E. coli strain producing high levels of STh and to optimize the biological model for toxin detection. Undiluted culture supernatants of STb-positive, LT-negative, STa-negative 0115 strains grown in TSB for 18 h at 37°C with agitation were tested in rat intestinal segments. All strains that were STb positive by probe induced a net secretion of fluid in intestinal segments ( I Significantly greater than the values for the same strain in the presence of O or 1,000 ,g of TI (P < 0.01) per ml and in the presence of 600 ,ug of TI (P < 0.05) per ml. tively), and intermediate in minimal DMM (0.20 ± 0.03), although the differences were not significant (P > 0.05). Since the defined minimal medium did not contain protein hydrolysate or yeast extract which would result in higher levels of UV-absorbing substances in the culture supematant, it was chosen for STb purification studies.
The effect of TI concentration on the biological activity of culture supernatants of STb-positive E. coli strains was evaluated. Addition of TI to the culture supernatant increased the net secretion of fluid for STb-positive strains ( Table 2 ). In our system, intestinal fluid secretion was optimal for two STb-positive strains at a TI concentration of 300 ,ug/ml and decreased at higher concentrations. The difference between intestinal fluid secretion at 300 ,ug/ml and at the other TI concentrations was significant (P < 0.05) for strain 4247. STb-negative strain 3922 did not show net fluid secretion at any TI concentration tested.
The influence of the sample pH in the range 5.5 to 8.0 on fluid secretion was also studied. Fluid secretion was maximum at a sample pH of 5.5 to 6.5 but decreased when the pH was greater than 7.0 (data not shown).
Purification of STb. Initial ultrafiltration and ultracentrifugation of the culture supernatant obtained from fermentation of STb-producing strain 4247 resulted in an increase in specific activity to 2.28, as observed in rat intestinal segments, and a purification factor of 7.35 due to the removal of nonactive solids and small peptides in the initial culture filtrate (Table 3) . Ultrafiltration studies on this preparation gave unexpected results in light of the estimation of the molecular weight of STh at 5,090 by Picken et al. (19) and Lee et al. (15) . After ultrafiltration of the preparation on 100-, 30-, or 10-kDa-cutoff membranes, activity in intestinal segments was associated only with the retentate, suggesting a molecular weight of greater than 100 kDa for STb. Upon molecular filtration of this preparation with an FPLC system coupled to a Superose 12 column (separation between 300,000 and 1,000 Da), the activity in rat intestinal segments was observed mainly in the void volume (data not shown). After passage of this preparation on an ion-exchange DEAE-Bio-Gel A column run in 20 mM Tris hydrochloride (pH 8.0), some activity in rat intestinal segments was observed in the material eluted with the starting buffer, but the greatest activity was observed upon step elution of the column by adding 0.5 M NaCl to the starting buffer. The active material obtained from this column appeared as a high-molecular-weight-protein complex eluting in the void volume of the column when chromatographed on the FPLCSuperose 12 system.
Final purification of STh was based on its solubility in the presence of 8 M urea. Preparative gel electrophoresis of the partially purified STb preparation showed several bands in the region from 20 to 2 kDa (Fig. 1) . Excision and elution of a band in the 5-kDa region of the acrylamide gel containing urea and SDS proved, in our study, to be the only way to obtain purified STh. After dialysis, the eluted protein band was still active in rat intestinal segments at quantities less than 12.5 jig of protein. No activity was observed in any of the other bands of the ultrafiltrated, ultracentrifuged preparation. The purification factor for this final step was over 500-fold, with approximately 25% overall yield with respect to the original culture supernatant (Table 3 ). The preparation appeared to be homogeneous, as indicated by the observation of one band following SUDS gel electrophoresis and silver staining (Fig. 1) . It is interesting that no band appeared on the gel at -5 kDa after staining with Coomassie brilliant blue R-250. STb was only visualized by silver staining when the AgNO3 solution was 1%, instead of the conventional 0.1%.
Stability of STb. We examined the biological activity of purified STb following different treatments. STh was completely resistant to treatment at 60°C for 30 min. STm activity in rat intestinal segments was not affected by treatment with either 8 M urea or 50% formic acid. Culture supernatant containing STb could be lyophilized or kept at -20°C for up to 6 months without appreciable loss of biological activity.
When purified STb was treated with trypsin at a concentration of 100 jxg/ml for 1 h at 25°C, its biological activity was completely eliminated. All experiments were done with purified STb resuspended in 0.05 M Tris hydrochloride (pH 6.8).
Immunogenicity of STb. A rabbit polyclonal antiserum raised against the purified toxin was examined by ELISA. The ELISA could discriminate between STb-positive strain 4247 and STh-negative strain 3922, grown either in TSB or DMM broth. ELISA values of 0.78 + 0.08 (mean + standard deviation) and 0.60 + 0.06 for strain 4247 and 0.17 + 0.04 and 0.14 + 0.04 for strain 3922 were obtained in TSB and DMM, respectively. In spite of numerous booster doses of purified toxin given to the rabbit, the titer remained relatively low, suggesting that STb may be a poor immunogen. Nevertheless, after 18 weeks of immunization, the titer had reached a plateau (Fig. 2) . This indicated that the reactivity of antibodies towards STb-positive culture supernatant in ELISA could not be increased by more booster doses. Although STb may have only been present in very low amounts in the culture supernatants tested, activity in the rat intestine of culture supernatants from STh-positive strains or of purified STh was not neutralized by this antiserum, even when used undiluted. This antiserum revealed only one band at approximately 5,000 Da upon Western blotting of the ultrafiltrated, ultracentrifuged STh preparation (data not shown).
DISCUSSION
We describe for the first time the purification of STb from a porcine E. coli strain. Purification and characterization of STh have been greatly impeded by the low level of toxin production from field strains and the laborious and expensive pig gut loop assay used for its detection. Use of the rat intestinal segment model has resulted in the enhanced detection of STh and has thus facilitated monitoring of the purification steps. We used the rat model described by Whipp with some modifications (27) , who found that the response to STh was greatest in the mid portion of the rat small intestine. We found that response to STb in culture supernatants did not vary greatly in relation to the position of the loops inoculated posterior to the first 30% of the small intestine. It is probable that the amount of STb in our culture supernatants exceeded that resulting in the maximal response described by Whipp (27) . However, a greater variation in the response to smaller quantities of STb at different stages of purification was observed in relation to the positions of inoculated loops. Thus, responses from loops in the first 30% and last 20% of the small intestine were discarded in our experiments.
Preliminary experiments had demonstrated that inoculation of supernatants from enterotoxigenic strains producing only STa resulted in fluid accumulation in rat intestinal loops. Thus, we examined only STh-positive and STa-and LT-negative strains in the present study. All of the 0115 strains used in this study have been previously examined for pathogenicity in newborn pigs (7) . Although none of the strains had closely adhered to the intestinal mucosa, certain strains moderately colonized the small intestine. At model. The present results indicate that, at least in in vitro cultures, this strain is not the highest producer of STb. However, proximity of bacteria to the mucosal epithelium and modulation of STh production in response to the intestinal environment may affect the ability of individual strains to induce diarrhea in pigs. Further studies using STbproducing strains which adhere more closely to the intestinal mucosa will be undertaken. Many difficulties were encountered in the purification of the low-molecular-weight STh toxin. First, after the culturing of bacteria in complex growth media for the production of STb, presence of high levels of medium components at the various purification steps impeded the purification process. This problem was resolved by the growth of bacteria in a minimal medium in which production of STb was equivalent to that observed in complex media. In addition, we were unable to purify the toxin by using classical chromatographic techniques, because of aggregation of STb molecules. Thus, we demonstrated that the toxin activity was found in the retentate following ultrafiltration on a 100-kDa-cutoff membrane or eluted in the void volume after molecular sieving with a Superose 12 column which separated molecules between 300,000 and 1,000 Da. Similarly, Guerrant et al. (8) had shown that STh did not enter a native 3.5% polyacrylamide gel, suggesting that it had a very high molecular weight. However, they found that after 0.1% CHAPS detergent treatment, the STb-containing material was solubilized and entered a 15% polyacrylamide gel. This detergenttreated material retained STh activity in the pig intestinal loop assay. These results suggested that STb-active material in culture filtrates existed as a high-molecular-weight aggregate. We resolved this problem by solubilizing STh in 8 M urea and by subsequently separating it from other components on a preparative polyacrylamide gel.
It is important that STb purified in this manner was still biologically active in rat intestinal segments. Thus, the active site on the STb molecule was not affected by the harsh urea denaturing treatment. The availability of pure, biologically active STb will be useful for the study of the interaction between the toxin molecule and receptors on the intestinal mucosa and elucidation of the mechanism of action of STb.
In vivo radiolabeling experiments with [35S]cysteine showed that culture supernatants contained a labeled band with a molecular weight of about 5,000 on sodium dodecyl sulfate-polyacrylamide gel electrophoresis, which would represent STb (8, 13) . Similarly, Kupersztoch et al. (11) identified the extracellular mature form of STb with a molecular weight of 5,200. In contrast to the latter authors, we found that STh was not stained by conventional Coomassie blue or silver nitrate staining techniques, but only when the silver nitrate concentration was increased to 1%. These results could reflect the small quantities of STh present after purification.
We have demonstrated that purified STb is immunogenic. Other workers have produced antibodies against the fusion proteins protein A-STb (9) or OmpF-STb-p-galactosidase (13) or against the synthetic peptide coupled to keyhole limpet hemocyanin (13) . However, such fusion proteins are poorly active or nonactive in pig intestinal loops (9, 13) . In addition, antibodies directed against such fusion proteins may demonstrate cross-reactivity with non-STh-producing strains. Thus, use of antibodies directed against the purified, active STh molecule will facilitate the development of a more specific in vitro immunoassay, such as an ELISA, for the quantitative determination of the presence of STh, thus obviating the need for the cumbersome pig or rat ligated loop assays. Such an assay will enable rapid detection of STh production in intestinal contents or fecal samples and more comprehensive studies of the physiological activity of the toxin.
